Primary graft failure (pGF) is associated with considerable morbidity and mortality. Salvage hematopoietic SCT (HSCT) can rescue pGF patients; however, the optimal preconditioning regimen and stem cell source are yet to be determined, particularly in children. In this study, we retrospectively analyzed 102 pediatric patients who received salvage allogeneic HSCT for pGF. Salvage HSCT from matched or one-Ag-mismatched related donors (rMM01) provided superior OS compared with that from two-or three-Agsmismatched related donors (rMM23) or cord blood transplantation (CBT). CBT showed a trend toward a slightly lower engraftment rate and late engraftment achievement compared with rMM23; however, the OS rate was similar between the two groups (47.6 ± 7.7% for rMM23 and 45.7 ± 8.6% for CBT, at 1 year after salvage HSCT). Multivariate analysis showed that preconditioning regimens with fludarabine or irradiation were associated with a higher engraftment rate and those with alkylating agents were associated with better OS. In conclusion, our results showed that rMM01 was the most suitable donor for salvage HSCT for pediatric pGF, and that CBT was an equally important option compared with rMM23 for patients without rMM01.
INTRODUCTION
Primary graft failure (pGF) is associated with considerable morbidity and mortality in hematopoietic SCT (HSCT) because of severe infection due to sustained neutropenia and organ toxicity caused by preconditioning for the first HSCT. The incidence of graft failure is assumed to range from 2 to 20%, and the frequency depends on various factors such as stem cell source 1, 2 and preconditioning regimen, [3] [4] [5] underlying disease, 5 HLA disparity 2, 6, 7 and the presence of anti-HLA Abs. 8 Salvage HSCT can rescue pGF patients, [9] [10] [11] [12] [13] [14] and recent studies on adult pGF patients have showed the feasibility of using reduced-intensity conditioning containing fludarabine (FLU) and low-dose irradiation, 13, [15] [16] [17] including short-term preconditioning regimen 10, 18 and an advantage of PBSC as the stem cell source for salvage HSCT. 19, 20 However, the management of pGF patients is usually difficult because of their poor clinical status. Owing to the rarity of pGF and emergent condition of the patients, prospective controlled trials are difficult and the optimal preconditioning regimen and stem cell source have not been established.
Although some reports have been published on salvage HSCT for pGF in children, [20] [21] [22] the number of patients included was limited and the prognostic factors of salvage HSCT for pediatric pGF patients remained unclear. Different factors may affect the outcome of salvage HSCT in children compared with that in adults because of their immature immune status, small body size or difference in underlying diseases. A recent study showed a good outcome of CBT in adults, 13 however, the role of CBT as salvage HSCT for pediatric pGF is yet to be determined because previous reports regarding pediatric pGF were mainly focused on salvage HSCT from mismatched related donor. [20] [21] [22] In this study, to investigate the prognostic factors of salvage allogeneic HSCT and to obtain fundamental information for establishing a standard approach for pediatric pGF, we performed retrospective analysis of 102 patients who received a salvage HSCT for pGF after allogeneic HSCT.
MATERIALS AND METHODS

Patients and transplantations
This study was approved by the institutional ethics committee of Saitama Children's Medical Center. A total of 102 patients were analyzed based on data reported to the Japan Society for Hematopoietic Cell Transplantation (JSHCT) registry 23 ( Table 1 ). The patients were selected according to the following criteria: (1) age 18 years or younger at salvage HSCT; (2) engraftment not achieved by a prior allogeneic HSCT and salvage allogeneic HSCT was performed; (3) salvage HSCT performed within 60 days after the first HSCT; (4) both the first and salvage HSCTs performed between 1982 and 2010.
Engraftment was defined as the first day of 3 consecutive days with an ANC of X500/mL. Platelet engraftment was defined as the first day of achievement of a platelet count of X2 Â 10 4 mL without requiring blood transfusion. Myeloablative conditioning was defined as the TBI of 8 Gy or more, or administration of BU at more than 8 mg/kg. All other regimens were analyzed as reduced-intensity conditioning. 24 
Statistical analysis
The OS probability was calculated using Kaplan-Meier estimates. The incidence of engraftment and non-relapse mortality (NRM) were expressed as cumulative incidence curves, and were used to adjust for death before engraftment and relapse for competing risks, respectively. Univariate analyses of OS were performed using the log-rank test, and multivariate analysis was performed using the Cox proportional hazard regression model. The factors that were found to be significant at P-value o0.1 were entered into the multivariate analysis. All statistical analyses were performed with R software 2.13.0 (The R Foundation for Statistical Computing, Vienna, Austria). A two-sided P-value o0.05 was considered statistically significant.
RESULTS
Patients
The characteristics of the 102 patients are shown in Table 1 . The median follow-up period in the surviving patients was 1502 days (range, 37-9101) after salvage HSCT. The estimated OS probability and s.e. at 1 year after salvage HSCT was 53.3±5.0%. The cumulative incidence of engraftment at 60 days was 55.7 ± 5.0%, whereas NRM at 1 year was 31.7 ± 4.7%. The median time to achieve engraftment was 15 days from salvage HSCT. Re-salvage HSCT was performed for 12 patients who failed to achieve engraftment in the first salvage HSCT. Of these, eight patients achieved engraftment and five were alive at the last follow-up. The association between the outcome and clinical characteristics is shown in Table 2 . Younger age (o6 years) was associated with poor engraftment probability (37.6 ± 6.0% versus 65.6 ± 8.4%, P ¼ 0.01); however, this difference did not remain significant in multivariate analysis (P ¼ 0.10) ( Table 3 ). The OS at 1 year was similar between patients aged o6 (50.5±8.3%) and X6 years (54.9 ± 6.2%). Median interval between the first HSCT and salvage HSCT was 39.5 days. The interval of the two HSCT was not associated with the engraftment (P ¼ 0.12), NRM (P ¼ 0.65) and survival (P ¼ 0.72) of the salvage HSCT. Our patients suffered from 77 malignant diseases and 25 non-malignant diseases. OS was superior in patients with non-malignant disease than in those with malignant disease because of the relapse of malignant diseases (P ¼ 0.002). However, this difference was not statistically significant in multivariate analysis.
There were eight cases with 410% of donor chimerism at diagnosis of pGF, which might be poor graft function. Of the eight cases, one patient received salvage HSCT from the same donor and achieved engraftment. Four cases received salvage HSCT from rMM23 donors who were different from the first HSCT, and three cases achieved engraftment. The remaining three cases received salvage CBT and two cases achieved engraftment.
Stem cell sources Detailed information of stem cell sources for the first and salvage SCTs is shown in Table 1 . There was no salvage HSCT from unrelated donor except cord blood, as pGF patients required immediate rescue.
All 26 patients whose first HSCT was performed from an HLAmatched or one-Ag-mismatched related donor (rMM01) received salvage HSCT from an rMM01 donor. Of the 26 HSCTs, 5 salvage HSCTs were performed from rMM01 donors different from those for the first HSCT, whereas the remaining 21 salvage HSCTs were performed from the same rMM01 donor. All the five HSCT from a different rMM01 donor achieved engraftment, whereas the engraftment rate of HSCT from the same rMM01 donor was 42.1 ± 11.8% (P ¼ 0.02). OS at 1 year for HSCT from a different rMM01 donor and the same rMM01 donor was 80.0±17.9% and 61.5±10.7%, and the estimated OS probability of the two groups of rMM01 did not reach statistical significance (P ¼ 0.70).
For the patients who received HSCTs from HLA 2-or 3-Agsmismatched related donors (rMM23), 16 salvage HSCTs were performed from rMM23 donors and 2 were performed using CB. Of the 51 CBTs used as the first HSCT, stem cell sources for salvage HSCT were two of one-Ag-mismatched related donors, 24 of rMM23 and 25 of CB.
The engraftment rate at 60 days was 57.7 ± 10.1% for rMM01, 57.1 ± 7.7% for rMM23 and 42.2 ± 9.4% for CBT (P ¼ 0.24). Univariate analysis showed that the stem cell source did not cause a statistically significant difference in engraftment probability (Table 2 and Figure 1a ), although cumulative incidence curve of engraftment of rMM01 and rMM23 were similar, and CBT showed a trend toward a lower engraftment rate.
The median time for neutrophil engraftment after CBT was 22 days, which was significantly longer than those for rMM01 (15 days) and rMM23 (15 days) (P ¼ 0.02 and 0.0007, respectively). Platelet engraftment probability at day 100 was 41.1±12.5% for rMM01, 44.9±10.0% for rMM23 and 40.7±10.9% for CBT (P ¼ 0.77). The median time for platelet engraftment after salvage HSCT was 26 days for rMM01, 32 days for rMM23 and 63 days for CBT.
The incidence of GVHD at day 100 for rMM01 was lower (9.2 ± 6.4%) than that for rMM23 (29.4 ± 8.4%) or CBT (38.2 ± 10.1%) (P ¼ 0.02) (Figure 1b) . The low incidence of GVHD in HSCT from rMM23 was assumed to be caused by frequency of anti-thymocyte/lymphocyte globulin usage. anti-thymocyte/lymphocyte globulin was used in 18 of the 42 (42.9%) salvage HSCTs from rMM23, and in 7 of the 31 (22.6%) salvage CBTs.
NRM for each stem cell source was not statistically different; however, salvage HSCT from rMM01 showed a trend toward lower Salvage HSCT for graft failure in children M Kato et al NRM (Figure 1c) . The rMM01 group showed the highest OS (68.8 ± 8.6%), whereas OS was similar in the rMM23 (47.6 ± 7.7%) and CBT (45.7±8.6%) groups (Figure 1d ). The cause of death was identified in 54 patients, in particular, infection in 22 (40.7%), organ dysfunction in 14 (25.9%), relapse of underlying disease in 13 (24.1%) and GVHD in 5 (9.3%). There was no difference in the distribution of the cause of death in the rMM23 and CBT groups. Thirty-one salvage CBTs were performed in our cohort. The median TNC count was 5.3 Â 10 7 cells/kg (range, 2.2-13.3), and the median CD34-positive cell count was 1.6 Â 10 5 cells/kg (range, 0.13-5.3). There was no association between the cell counts and engraftment (Figures 2a and b) . HLA Ag mismatch did not result in inferior engraftment (Figure 2c ). Our analysis showed that cell count and HLA disparity were not related to the outcome of salvage CBT. Therefore we analyzed CBT as a single category.
Preconditioning regimens
The preconditioning regimens of salvage HSCT had a significant impact on engraftment and survival, whereas the regimens used for the first HSCT did not have a significant impact (Table 2) . FLU, alkylating agents (CY or melphalan (L-PAM)), anti-thymocyte/lymphocyte globulin and irradiation were frequently used with various combinations, and all these components provided better engraftment probability (Table 2 ) without significant increase of NRM.
The best combination for a preconditioning regimen seemed to be FLU þ CY/L-PAM þ irradiation, which was used in 13 patients, and 12 patients achieved engraftment with a median of 20 days. The engraftment rate in the 16 patients without any preconditioning was estimated to be 12.5 ± 8.7%. Nine of these sixteen patients died, including six patients who died before 28 days after salvage HSCT.
The irradiation dose varied, with a dose of 2 Gy in 12 patients, 3-5 Gy in 14 and 46 Gy in 14 patients. The engraftment incidence for these doses was 72.7 ± 15.4, 92.9 ± 8.9% and Salvage HSCT for graft failure in children M Kato et al 61.5 ± 14.7%, respectively. Although these differences were not significantly different (P ¼ 0.43) because of the limited number of patients, 3-5 Gy showed a tendency for good engraftment probability. Multivariate analysis showed that rMM01 was significantly correlated with better engraftment and survival (Table 3 ). The hazards for engraftment and survival were not different between rMM23 and CBT, and were also found to be similar in multivariate analysis. Multivariate analysis showed also an advantage of FLU and irradiation in engraftment. The hazards for engraftment was 3.33 (1.62-6.83, P ¼ 0.001) and 2.68 (1.36-5.59, P ¼ 0.0005), respectively. On the other hand, alkylating agents had a major impact on survival probability, and the usage of alkylating agents was related with superiority in survival. 
DISCUSSION
There are several reports on salvage HSCT for graft failure, with the majority including both primary and secondary graft failure. 9, 11, 15, 25 However, evidence on management of pGF in children is limited; therefore, analysis of pediatric pGF is important in order to establish a standard treatment strategy against this rare event. This study included the largest number of children with pGF investigated to date and showed that an rMM01 was the most suitable donor for salvage HSCT, and that CBT was an equally important option compared with a haploidentical related donor for patients without a well-matched related donor.
Our results suggested that a matched related donor or oneantigen-mismatched donor was associated with better engraftment and survival rate. The engraftment probability was better for HSCT from a different donor, providing better engraftment probability than that from the same donor in this group. However, a previous study did not find statistically significant differences between engraftment with the same and different donors, mainly because of the limited number of patients. 9, 16 We have little detailed information on donor chimerism at the diagnosis of graft failure and the presence of anti-HLA Abs, but our result suggests that there may be an undetectable problem in grafts of the first HSCT, and that graft dysfunction may have caused pGF in some HSCTs. Therefore, if available, a different matched or one-Ag-mismatched related donor should be selected as the stem cell source for salvage HSCT. If there was no different rMM01 donor, our results showed that salvage HSCT from the same rMM01 donor could provide better OS probability than that of rMM23 or CB.
If a well-matched related donor is not available for pGF patients, it is necessary to select either a CB or a mismatched related donor. A previous report including a small number of pediatric pGF patients showed an advantage of PBSC from mismatched related donors, 19 whereas our analysis demonstrated that CBT provided a survival rate similar to that of HSCT from mismatched related donors. The survival curve for CBT was superimposed on the curve for HSCT from a mismatched related donor, although engraftment achievement tended to be lower and engraftment was late. In our cohort, the incidence of GVHD of rMM23 was not higher than that of CBT. This surprising result is assumed to be associated with the frequent use of anti-thymocyte/lymphocyte globulin, possibly related to the low incidence of GVHD; however, it may increase the incidence of infectious complications, leading to a similar survival rate between rMM23 HSCT and CBT.
CB is an important source for prompt HSCT because it is a readily available stem cell source, which does not require any manipulation of the donor. However, a recent study on engraftment probability of salvage CBT for pGF showed that a small fraction of children had a worse outcome than salvage HSCT from a mismatched related donor. 19 Another study on salvage CBT for pGF reported the association of cell dose of 42.5 Â 10 7 cells/kg with a better outcome. 13 In our cohort, the median TNC count of CB was 5.4 Â 10 7 cells/kg, which was considerably higher than that reported previously. It is difficult to obtain CB containing a large number of cells for adults; however, the small body size of children allows a relatively high number of CB to be obtained. Our results showed that CB with a sufficient cell dose could overcome HLA disparity. We consider that CB may become the first option for salvage HSCT for pediatric pGF. Although we could not use it during this study period, HSCT using double CB might enhance the role of CBT in salvage HSCT for pGF.
The performance status (PS) of pGF patients is often poor because of infection and toxicity of the prior preconditioning regimen for the first HSCT, which limits the preconditioning agents for the salvage HSCT. There are reports showing that some cases can achieve engraftment without any preconditioning regimen; 26, 27 however, it is generally accepted that most pGF cases require some preconditioning treatment. 14 We consider that myeloablative conditioning is not required for the salvage HSCT in pGF patients because their marrow is already hypocellular; however, reduced-intensity conditioning may help engraftment. Our study showed that FLU and alkylating agents provide better engraftment probability without increasing NRM. Of note, patients who receive less preconditioning agents may have a worse condition such as poor PS or severe organ dysfunction, usually resulting in poor outcome. Although we did not have sufficient detailed PS data to analyze the association between PS and outcome, our data suggested that a non-myeloablative preconditioning regimen including FLU, alkylating agents and irradiation should be used at a level that can be tolerated by the patients.
The optimal dose of irradiation has still not been determined; however, our results indicate that 3-5 Gy is sufficient for engraftment because 45 Gy of irradiation did not increase engraftment probability. This result is comparable with the result of a previous study that the addition of 2-4 Gy of irradiation improved the engraftment rate of RIST for aplastic anemia. 28, 29 Of note, this study was a retrospective and uncontrolled study; therefore, there are some limitations of our data. For example, these include the selection criteria of a stem cell source, dosage of preconditioning agents and inconsistent indications for salvage HSCT. Further prospective studies in a large cohort and further biological research about allogeneic HSCT are therefore required to further improve the treatment of pediatric pGF patients after allogeneic HSCT.
In conclusion, our study provides valuable information on the role of the second salvage HSCT for pediatric pGF. CB should be ranked equally with mismatched related donors as a stem cell source for pGF in children without a matched-related donor.
